AlGaN/GaN heterostructures with different buffer layers were grown on Si substrates by metal-organic vapor phase epitaxy (MOVPE). The electrical property of the two-dimensional electron gas (2DEG) formed at the AlGaN/GaN interface was correlated with both the optical and structural quality of the GaN layer involved. A combination of two sets of hightemperature and low-temperature AlN and an ultrashort exposure to SiH 4 showed the best-grown GaN, followed by a similar buffer layer without the SiH 4 exposure, and a graded AlGaN buffer layer only. The enhancements in both electron mobility and 2DEG density were also accompanied by a reduced donor-acceptor pair (DAP) emission and a reduced dislocation density in the top GaN grown.
The AlGaN/GaN interface has been an intensive subject for both fundamental and applied research. The formation of a two-dimensional electron gas (2DEG) at the AlGaN/GaN interface has been attributed to the large piezoelectric field present.
1) Such a field is commonly noted when a strained AlGaN is grown on a completely relaxed GaN layer. The large piezoelectric field thus present allows the injection of charges from the AlGaN into the GaN layer without the need of heavy doping of the former. The source of the charges is believed to include surface defects in the AlGaN layer, with carrier densities as high as 10 13 cm À2 being commonly observed in such heterostructures. 2, 3) Upon cooling, depending on the structures grown on sapphire, the electron mobility reaches 10,000 cm 2 V À1 s À1 or higher, and levels off below about 100 K. 4, 5) Using GaN substrate, an electron mobility exceeding 100,000 cm 2 V À1 s À1 at 4 K and lower temperatures has been reported for the AlGaN/GaN heterostructures grown by molecular beam epitaxy (MBE). 6, 7) In this Communication, we report the electrical, optical and structural study of AlGaN/GaN heterostructures grown on Si substrate. The growth of nitrides on Si is known to be difficult due to the large thermal stress present. Extensive effort has been devoted to reduce this problem, including the use of AlN intermediate layers. [8] [9] [10] [11] We have recently reported the growth of nitride light-emitting diodes (LEDs) on Si.
12) Both blue and green LEDs were made with an output power of 0.7 mW, likely among the best reported. Using phosphors for the blue LED made, a white emission was also achieved. We are here extending the nitride-on-Si work to other electronic devices to explore the combined effects of lattice and thermal mismatch. Different buffer layers were tested for reducing the defect propagation into the critical AlGaN/GaN interface where the 2DEG channel was formed.
All the structures reported here were grown by metalorganic vapor phase epitaxy (MOVPE) using an Aixtron 200/4 RF-S system. Most samples were grown on (111)Si substrate, with some grown on (0001) sapphire substrate for comparison. Using Si, a low-temperature AlN nucleation layer was first grown at 525 C. This was followed by a different sequence of layers as shown below. Except otherwise indicated, all the GaN and AlGaN layers were grown at 1050 C. The flow rates for the Al and Ga sources were 20 sccm for TMA and 10 -25 sccm for TMG, respectively. The ammonia flow rate was 600 -1600 sccm. The analyses included Hall measurement, photoluminescence (PL), X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, and cross-sectional transmission electron microscopy (XTEM).
Three structures were compared using the Si substrate. Table I lists the electrical, optical, Raman, XRD, PL, and TEM measurements of the four structures listed above. Comparing with the GaN film grown on GaN substrate, where a Raman E 2 (high) of 568 cm À1 was reported, 13) all the samples here showed reduced vibration frequencies. This indicated a tensile strain in the top GaN layer that was in direct contact with the top AlGaN layer. Samples A, B, and C showed the order of increasing 2DEG carrier density and electron mobility, and decreasing full-width at half-maximum (FWHM) for both XRD rocking curves and PL linewidths. The electrical measurements over the temperatures of 10 -300 K are shown in Fig. 1 for Samples B, C, and D. No low-temperature measurement was carried out for Sample A due to its low electron mobility at room temper-ature. An increased mobility at low temperatures was noted for all three samples, with that of Sample D being the highest. In fact, the mobility of Sample D was still rising at 10 K while those grown on Si leveled off at such temperatures.
The quality of the 2DEG formed closely depended on the GaN layer present. It is thus necessary to assess the GaN layers involved in the different structures. The photoluminescence measurement, shown in Fig. 2 , provided some information in this regard. In addition to the band-edge emission of GaN, additional peaks at lower energies were noted for the samples grown on Si. These are labeled as donor-acceptor pair (DAP) for the donor-acceptor pair, and their phonon replicas. 14, 15) The intensity of the DAP and phonon replica peaks decreased from Samples A to B to C. In contrast, these peaks were completely absent for Sample D grown on sapphire. The DAP emission of GaN was generally attributed to defects involving N vacancies and N interstitials. 14, 15) The decreasing DAP emission was accompanied by the increasing carrier density and electron mobility, with a similar narrowing of the FWHM for both XRD and PL. These all indicated a likely correlation between the electrical property of the 2DEG formed and the GaN layer involved.
The growth of nitride films on Si involves large lattice and thermal mismatches. The effect of different buffer layers on the generation and propagation of defects is shown in Fig. 3 . All the individual layers were shown with the estimated dislocation density indicated. The dislocation density was an estimated average from different areas of each sample. A decreasing dislocation density in the top GaN layer, also listed in Table I , was noted from Samples A to B to C. This was consistent with the order of improving electrical and optical properties for such samples. No data was shown for the sample grown on sapphire due to the much thicker GaN layer present.
We have compared AlGaN/GaN heterosturctures on Si with different buffer layers. Due to the large thermal stress between Si and nitride layers, cracking has been widely observed. [8] [9] [10] [11] [12] The use of only a low-temperature (LT) AlN layer resulted in a nonsmooth growth surface that could be smoothed out by a subsequent high-temperature (HT) AlN layer. A double LT-AlN and HT-AlN combination for Sample B was more effective than a single grading AlGaN layer for Sample A. This could involve a number of factors. The continual grading of the AlGaN layer in Sample A was aimed at reducing the lattice mismatch from the AlN/Si interface to the final GaN layer. The graded AlGaN layer may have partially achieved the purpose, but could not stop the defect generated at the Si/AlN interface due to the large mismatch there. Furthermore, the AlGaN grading layer alone could not help reduce the thermal stress present. This is consistent with the cracking of Sample A as observed from the SEM analysis. Sample B contained two sets of LT-AlN/ HT-AlN layers and showed an effective reduction in cracking. The buffer layers also contributed to a reduced propagation of dislocation from the Si interface into the final GaN layer. As Fig. 3 indicates, the dislocation densities of A similar effect was observed for Sample C which had both the double LT-AlN/HT-AlN buffer layers and an ultrathin SiN layer after the first LT-AlN/HT-AlN buffer layers. Using high-resolution TEM, we could not detect any amorphous SiN layer. Instead, the lattice showed a continuing single-crystalline structure across the whole film of Sample C. Apparently, the ultrathin SiN layer, if formed, did not affect the crystalline growth of subsequent nitride layers.
16) Yet, it helped reduce the dislocation as compared with that of Sample B. This is interesting in that Sample C also showed improved electrical and optical properties over Sample B as described above.
The TEM analysis has confirmed the dependence of the top GaN on the buffer layers used. It also indicated the roles of the AlN layers in reducing the cracking due to thermal stress. The quality of the top GaN layer plays a dominant role in the properties of the 2DEG channel formed with the surface AlGaN layer. An improved epitaxy of the GaN layer also led to an improved growth of the AlGaN layer that, in turn, helped the 2DEG formed.
All the samples grown on Si in this study showed properties inferior to those of a simple AlGaN/GaN structure grown on sapphire. The Raman analysis, for example, provided information regarding the strain in the top GaN layer. As indicated in Table I , the E 2 (high) energy differed among the samples analyzed. Comparing with the E 2 (high) value of 568 cm À1 for the GaN film grown on a GaN substrate, 13) the reduced numbers in Table I indicated an increasing tensile strain in the samples reported, being the largest for Sample A, and smallest for Sample C. The tensile strain of Sample D was smaller than all the samples grown on Si. The observed tensile stress was consistent with a previous report on the GaN layer grown on Si using the AlN buffer layers. 17) The large reduction in charge density upon cooling for Sample D is interesting. The reported 2DEG for the AlGaN/ GaN heterostructures often showed a large rise in mobility followed by a leveling upon cooling, with a rather constant charge density at low temperatures. [2] [3] [4] [5] [6] [7] Sample D showed both a large reduction in charge density and a rising electron mobility at low temperatures. Cooling could either freeze out the charges due to the defects present or result in a reduced charge transfer from the AlGaN layer. The likely role of the defect was likely to cause a reduced mobility also, contrary to the results of measurement here. The reduced charge transfer, on the other hand, would reduce the impurity scattering due to less ionized impurity in the AlGaN layer, resulting in increasing electron mobility. Further analysis is needed to fully understand the mechanism involved.
